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►  Ti02  was  pretreated  by  0.5  M  HN03 
to  enhance  its  conductivity. 

►  Ti02  was  applied  as  support 
between  Pd  and  MWNTs  template. 

►  The  introduction  of  Ti02  promotes 
the  Pd  dispersion  and  decrease  the 
Pd  size. 

►  The  application  of  Ti02  as  support 
highly  improved  the  electrocatalytic 
activity  and  stability  of  the  catalyst. 

►  The  Pd/Ti02-MWNTs  shows  great 
electrocatalytic  ability  for  formic 
acid  oxidation. 
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In  this  study,  a  novel  Pd/Ti02-MWNTs  catalyst  is  synthesized  by  a  unique  chemical  method.  The  pre¬ 
treated  Ti02  nanoparticles  are  applied  as  support  materials  between  Pd  nanoparticles  and  functional 
multiwall  carbon  nanotubes  (MWNTs)  template.  The  morphology  and  physicochemical  properties  of  the 
catalysts  are  characterized  by  transmission  electron  microscopy  (TEM),  X-ray  diffraction  (XRD),  and  X-ray 
photoelectron  spectroscopy  (XPS).  It  is  observed  that  the  functional  MWNTs  are  partially  covered  by  Ti02 
nanoparticles,  and  that  the  metallic  Pd  nanoparticles  are  homogeneously  deposited  onto  the  Ti02 
nanoparticles  with  smaller  sizes  compared  with  those  of  Pd/MWNTs.  The  electrocatalytic  activity  of  the 
Pd/Ti02-MWNTs  is  investigated  by  cyclic  voltammetry  and  chronoamperometry  measurements  in  0.5  M 
H2S04  and  1  M  HCOOH  acidic  solution,  respectively.  Results  indicate  that  the  introduction  of  pretreated 
Ti02  into  the  nanocomposite  highly  improves  its  electrocatalytic  activity,  durability,  and  stability.  Thus, 
the  Pd/Ti02-MWNTs  catalyst  is  expected  to  be  an  effective  electrode  material  for  formic  acid  oxidation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  synthesis  and  applications  of  high  electrocatalytic  activity 
metal  catalysts  have  attracted  great  attention  in  recent  decades 
[1,2].  Among  these,  noble  metal  group  catalysts  are  widely 
employed  in  the  field  of  applied  electrochemistry  [3,4].  Although 
palladium  shows  high  catalytic  activity  and  low  cost  among  the 
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noble  metal  group  [5],  naked  palladium  nanoparticles  are  prone  to 
aggregate,  restricting  their  electrocatalytic  activity.  Currently, 
template  supports  with  large  superficial  areas,  such  as  carbon 
nanotubes,  graphene,  humic  acid,  are  used  to  support  palladium 
nanoparticles  to  prevent  their  aggregation  [6,7]. 

Research  on  the  application  of  oxide  nanoparticles  as  support 
materials  between  catalytic  nanoparticles  and  templates  has 
recently  seen  great  activity  [8,9].  These  studies  have  indicated  that 
the  addition  of  oxide  nanoparticles  in  catalysts  can  not  only 
enhance  the  durability  and  catalytic  activity  of  the  catalysts,  but 
also  improve  their  corrosion  resistance  and  lower  the  degradation 
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of  their  active  surface  area  [10,11].  Among  the  many  possible 
oxides,  considerable  attention  has  been  paid  to  Ti02  nanoparticles 
because  of  their  long-term  stability,  nontoxicity,  commercial 
availability,  easy  fabrication,  and  multifunctionality  [12,13]. 
However,  Ti02  is  a  semiconductor  with  wide  band  gaps  of  3.0  eV  for 
the  rutile  and  3.2  eV  for  the  anatase  structures  [14].  Therefore,  to 
apply  Ti02  as  catalyst,  it  is  necessary  to  improve  its  electronic 
conductivity.  Because  of  their  good  electrochemical  stability, 
extraordinary  electrical  conductivity,  robust  mechanical  strength, 
long  aspect  ratio,  and  large  superficial  area,  carbon  nanotubes  are 
suitable  as  a  template  material  for  loading  of  nanocomposites 
[15,16].  TiCVCNTs  nanocomposites  are  widely  used  as  support 
materials  in  the  large  areas  of  optoelectronics  and  photocatalysis 
[17,18].  However,  few  researchers  have  reported  on  their  electro- 
catalytic  activity.  It  is  supposed  that  the  application  of  pretreated 
Ti02-MWNTs  as  a  support  material  for  the  loading  of  catalytic 
palladium  nanoparticles  could  enhance  their  electrocatalytic 
activity  and  stability. 

In  recent  years,  great  attention  has  been  paid  to  direct  formic 
acid  fuel  cells  (DFAFCs)  because  of  their  many  advantages  such  as 
limited  fuel  crossover,  low  toxicity,  and  high  practical  power 
densities  at  low  temperature  [19,20].  Research  has  found  that  Pd- 
based  catalysts  show  great  electrocatalytic  activity  for  formic  acid 
oxidation  [19,21].  Therefore,  in  our  experiments,  we  demonstrate 
a  new  method  to  synthesize  Pd/Ti02-MWNTs  catalyst,  and  apply  it 
to  formic  acid  oxidation.  The  morphology  and  composition  of  the 
samples  were  characterized  by  transmission  electron  microscopy 
(TEM),  X-ray  diffraction  (XRD),  and  X-ray  photoelectron  spectros¬ 
copy  (XPS).  In  addition,  the  electrocatalytic  activity  of  the  Pd/Ti02- 
MWNTs  was  investigated  by  cyclic  voltammetry  and  chro- 
noamperometry  measurements. 

2.  Experimental  section 

2  A.  Raw  materials 

Commercial  MWCNTs  (Nanotech  Port  Co.,  Shenzhen,  China) 
were  used  in  this  work.  All  of  the  following  materials  were  used  as 
received:  titanium  tetrachloride  (TiCl4),  palladium  chloride  (PdCh), 
concentrated  nitric  acid  (HNO3),  concentrated  sulfuric  acid  (H2SO4), 
sodium  borohydride  (NaBH4),  ethylene  glycol,  ethanol,  formic  acid, 
and  isopropyl  alcohol.  These  chemicals  were  all  analytical  grade 
and  no  purification  was  needed.  All  electrochemical  experiments 
were  carried  out  at  room  temperature.  Ultrapure  water  was  used 
throughout. 

2.2.  Pretreatment  of  MWNTs 

MWNTs  require  pretreatment  to  avoid  agglomeration  and 
increase  their  dispersibility  and  surface  functional  groups.  Typi¬ 
cally,  MWNTs  were  added  to  a  50  mL  flask  with  concentrated  HNO3 
and  H2SO4  (1:3,  v/v)  under  constant  stirring  at  80  °C  for  10  h.  Then, 
the  mixture  was  filtered  and  washed  with  ultrapure  water  until  the 
pH  reached  neutral.  The  resulting  functional  MWNTs  were  dried  in 
an  oven  at  70  °C. 

2.3.  Fabrication  and  pretreatment  of  Ti02 

Titanium  dioxide  (Ti02)  nanoparticles  were  prepared  by 
hydrolysis.  First,  titanium  tetrachloride  (TiCl4)  was  rapidly 
dispersed  in  ethanol  solvent  with  ultrasound  treatment.  A  small 
amount  of  water  was  then  added  to  the  mixture  and  sonication  was 
continued.  After  hydrolysis  this  mixture  was  dried  at  110  °C.  The 
resulting  sample  was  washed  with  ethanol  and  ultrapure  water, 


and  collected  by  filtration.  The  sample  was  then  dried  at  500  °C  in 
a  muffle  furnace  for  3  h.  Then,  0.5  M  HNO3  was  added  and  the 
sample  was  dried  at  500  °C  for  a  further  1  h.  Afterward,  the  sample 
was  treated  with  0.5  M  HNO3  for  4  h  with  strong  stirring  to  avoid 
agglomeration  and  thereby  improve  its  electronic  conductivity. 
Last,  the  precipitate  was  filtered  and  washed  with  ultrapure  water 
several  times  until  the  pH  of  the  filtrate  reached  neutral,  and  dried 
at  70  °C. 

2.4.  Preparation  of  HO2-MWNTS  and  Pd/TiC>2-MWNTs  catalysts 

Ti02-MWNTs  were  synthesized  by  an  in-situ  chemical  method. 
First,  20  mg  pretreated  TiC^  powder  was  dispersed  in  ultrapure 
water  in  a  100  mL  beaker  and  ultrasonicated  for  20  min.  10  mg 
functional  MWNTs  were  added  to  the  suspension  with  ultrasound 
treatment  for  another  30  min  to  obtain  a  uniform  solution.  Then, 
isopropyl  alcohol  was  added  to  the  mixture.  After  additional 
stirring  for  30  min,  ethylene  glycol  was  dispersed  in  the  solution 
and  the  resulting  suspension  was  stirred  for  another  6  h  to  ensure 
the  completion  of  the  reaction.  Finally,  the  sample  was  filtered 
and  washed  several  times  with  ultrapure  water,  and  dried  at 
70  °C. 

Pd/Ti02-MWNTs  composite  was  synthesized  using  a  borohy¬ 
dride  reduction  method.  4  mg  PdCh  was  sonicated  at  50  °C  for 
30  min  to  obtain  a  uniform  solvent.  20  mg  TiC^-MWNTs  was  dis¬ 
solved  in  ultrapure  water  while  being  stirred,  after  which  the  Pd 
solution  was  added  drop  by  drop.  To  reduce  the  Pd  precursor, 
NaBH4  was  dissolved  in  ultrapure  water  and  rapidly  dropped  into 
the  solution  while  being  vigorously  stirred  for  another  8  h.  The 
precipitate  was  filtered  and  washed  several  times  with  ultrapure 
water  and  then  dried  at  70  °C. 

2.5.  Electrochemical  instrumentation  and  characterization 

The  size  and  morphology  of  these  samples  were  observed  by 
transmission  electron  microscopy  (TEM,  JEOL  JEM-200CX),  speci¬ 
mens  for  TEM  observation  were  prepared  by  placing  a  drop  of  the 
particle-dispersed  ethanol  solution  onto  a  copper  grid.  The  crystal 
phases  of  these  samples  were  analyzed  by  X-ray  diffraction  using 
Cu  Ka  radiation  (XRD,  ARL  X’TRA).  The  data  were  collected  for 
scattering  angles  (2 6)  between  20°  and  80°  with  a  step  size  of  0.02°. 
The  element  states  in  the  catalysts  were  analyzed  by  X-ray  photo¬ 
electron  spectroscopy  (XPS,  ULVAC-PHI  PHI  5000  VersaProbe). 

The  electrocatalytic  activity  of  the  samples  was  investigated  by 
cyclic  voltammetry  using  a  Model  CHI  660D  electrochemical 
workstation.  A  three-electrode  cell  was  used  in  the  electrochemical 
measurements.  A  glassy  carbon  (GC)  electrode  was  used  as  the 
working  electrode,  a  platinum  foil  (1  cm2)  was  used  as  the  counter¬ 
electrode,  and  a  saturated  potassium  chloride  electrode  was  used  as 
the  reference.  10  mg  of  the  catalyst  was  homogeneously  ultrason- 
ically  dispersed  into  10  mL  ultrapure  water,  after  which  6  pL  of  the 
catalyst  solution  was  dropped  onto  the  GC  electrode,  and  dried 
using  infrared  light. 

3.  Results  and  discussion 

3 A.  TEM  analysis 

The  microsurface  of  the  catalyst  samples  and  the  size  and 
distribution  of  the  nanoparticles  are  shown  in  Fig.  1.  As  can  be  seen 
from  Fig.  1(a),  the  surface  of  the  pretreated  MWNTs  was  very 
smooth  due  to  the  introduction  of  functional  groups  instead  of 
defect  sites  on  the  MWNTs.  In  Fig.  1(b),  Pd  nanoparticles  were 
dispersed  onto  the  MWNTs,  but  some  agglomerates  could  be 
observed,  possibly  attributable  to  the  lack  of  surface  functional 
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Fig.  1.  TEM  images  of  (a)  MWNTs,  (b)  Pd/MWNTs,  (c)  Ti02-MWNTs,  and  (d)  Pd/Ti02-MWNTs,  and  corresponding  size  distribution  histograms  of  Pd  nanoparticles  in  (e)  Pd/MWNTs 
and  (f)  Pd/Ti02-MWNTs. 


groups  on  parts  of  the  MWNTs  surfaces  facilitating  the  nucleation 
of  Pd  and  subsequent  particle  growth  [22].  From  Fig.  1(c),  it  can  be 
observed  that  the  MWNTs  were  partially  covered  by  Ti02  nano¬ 
particles  with  an  average  diameter  of  20  nm.  This  was  due  to  the 
pretreatments  of  MWNTs  and  TiC^  nanoparticles  increasing  the 
active  sites  on  their  surfaces  [23].  Interestingly,  after  the  addition  of 
NaBFU,  the  Ti02  nanoparticles  aggregated  and  became  larger  and 
rounder  in  shape.  In  addition,  the  Pd  nanoparticles  were  more 
homogeneously  dispersed  onto  the  Ti02  nanoparticles  and  had 
a  smaller  size  in  the  Pd/Ti02-MWNTs  than  those  in  the  Pd/MWNTs. 
The  size  distribution  histograms  of  the  Pd  nanoparticles  based  on 
their  TEM  analysis  are  displayed  in  Fig.  1(e)  and  Fig.  1(f).  The 
average  sizes  of  the  Pd  nanoparticles  were  about  5.3  and  3.8  nm  for 
the  Pd/MWNTs  and  Pd/Ti02-MWNTs,  respectively.  This  result 
confirms  that  Pd  nanoparticles  become  smaller  after  the  intro¬ 
duction  of  Ti02.  Additionally,  the  better  dispersion  and  small  size  of 
the  Pd  nanoparticles  in  the  Pd/Ti02-MWNTs  could  enable  more 
catalytically  active  sites  to  be  available  for  electrocatalytic  reaction. 
In  summary,  these  results  indicated  that  the  Pd/Ti02-MWNTs 
nanocomposite  was  successfully  synthetized  and  the  introduction 
of  Ti02  promoted  the  dispersion  of  the  Pd  nanoparticles. 

3.2.  XRD  analysis 

The  structural  characteristics  of  the  catalyst  samples  were 
observed  by  XRD.  Fig.  2  shows  the  XRD  patterns  of  Pd/Ti02- 
MWNTs,  Pd/MWNTs,  MWNTs,  Ti02-MWNTs,  and  Ti02 


nanoparticles.  All  Ti02  samples  were  anatase  in  phase,  exhibiting 
major  peaks  at  25.3°,  37.8°,  48.0°,  53.8°,  54.9°,  and  62.5°  (2 6)  which 
were  assigned  to  the  diffraction  planes  (101),  (004),  (200),  (105), 
(211)  and  (204),  respectively  [24,25].  No  diffraction  peaks  attrib¬ 
utable  to  the  rutile  structure  of  TiC^  were  observed.  Additionally, 


■  MWNTs 

*  pd 

♦  Ti02(anatase) 


20  30  40  50  60  70  80 
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Fig.  2.  XRD  patterns  of  (1)  Pd/Ti02-MWNTs,  (2)  Pd/MWNTs,  (3)  MWNTs,  (4)  Ti02- 
MWNTs,  and  (5)  Ti02  nanoparticles. 
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the  XRD  patterns  of  Ti02  before  and  after  MWNTs  and  Pd  modifi¬ 
cations  are  similar,  indicating  that  the  introduction  of  MWNTs  and 
Pd  made  no  changes  to  the  structure  of  the  TiC^.  In  addition,  the 
intensity  of  the  diffraction  peaks  for  the  TiC^  composites  shows 
a  slight  increase  with  the  addition  of  the  MWNTs.  Fig.  2(3)  reveals 
a  (002)  diffraction  peak  at  26.4°  (2 0),  which  is  attributed  to  the 
MWNTs.  This  peak  is  overlapped  by  the  anatase  (101 )  diffraction  of 
Ti02  at  25.3°  (20).  The  representative  diffraction  peaks  for  the  face 
centered  cubic  crystal  structure  of  Pd,  namely  (111),  (200),  and 
(220),  were  observed  at  39.1°,  45.6°,  and  66.8°  (20)  in  the  XRD 
patterns  of  all  samples  [26],  demonstrating  that  the  Pd  in  both  Pd/ 
MWNTs  and  Pd/Ti02-MWNTs  is  in  metallic  form.  Thus,  the  appli¬ 
cation  of  Ti02  as  support  material  played  no  role  in  influencing  the 
cubic  crystalline  structure  of  the  metallic  Pd. 


3.3.  XPS  analysis 

The  electronic  states  and  surface  characteristics  of  the  cata¬ 
lysts  were  investigated  by  X-ray  photoelectron  spectroscopy 
(XPS).  Fig.  3  shows  the  representative  XPS  spectra  of  Ti02,  TiC^- 
MWNTs,  Pd/Ti02-MWNTs,  and  Pd/MWNTs.  The  obtained  binding 
energies  were  calibrated  to  the  C  Is  (284.6  eV)  peak.  C  Is,  O  Is,  Ti 
2p  and  Pd  3d  peaks  can  be  observed  in  Fig.  3(a).  The  concen¬ 
trations  of  the  active  component  Pd  in  the  Pd/MWNTs  and  Pd/ 
Ti02-MWNTs  were  determined  to  be  15.69  and  16.20  wt%, 
respectively.  Through  the  analysis  of  TEM  images  and  XPS  spectra 
of  the  Pd/Ti02-MWNTs,  it  could  be  observed  that  the  nano¬ 
particles  successfully  dispersed  onto  the  surface  of  Ti02-MWNTs 
were  Pd  particles. 


330  335  340  345  350 

Binding  energy  /  eV 


Fig.  3.  (a)  XPS  spectra  of  Ti02)  Ti02-MWNTs,  Pd/Ti02-MWNTs,  and  Pd/MWNTs  catalysts,  enlarged  XPS  spectra  for  (b)  Pd  3d  peak  of  all  Pd  samples  and  (c)  Ti  2p  peak  of  all  Ti  samples. 
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Fig.  3.  ( continued ). 


To  understand  the  interactions  between  Pd,  MWNTs,  and  Ti02, 
the  spectra  of  Pd  3d  in  Pd/MWNTs  and  Pd/Ti02-MWNTs  were 
compared.  In  Fig.  3(b-l),  the  Pd  3d  spectrum  of  the  Pd/TiC^- 
MWNTs  is  shifted  to  a  lower  binding  energy  compared  with  the  Pd/ 
MWNTs.  This  implies  that  the  Pd  nanoparticles  on  the  Ti02-MWNTs 
are  in  a  more  electron  rich  phase  than  those  on  the  MWNTs,  orig¬ 
inating  from  the  decreasing  of  the  band  gap  [27].  Deconvolutions  of 
the  Pd  3d  spectra  of  Pd/MWNTs  and  Pd/Ti02-MWNTs  are  shown  in 
Fig.  3(b-2)  and  (b-3),  respectively.  In  addition,  the  results  of  the 
deconvolution  measurements  are  presented  in  Table  1,  where  one 
can  clearly  see  the  relative  composition  of  the  assigned  species.  The 
peaks  at  about  335.2  (Fig.  3(b-2))  and  335.1  (Fig.  3(b-3))  eV  were 
ascribed  to  Pd,  with  corresponding  relative  compositions  of  33.3 
and  34.6%,  respectively,  demonstrating  that  most  of  the  Pd  was  in 
the  metallic  state.  This  is  in  agreement  with  the  XRD  results.  In 
addition,  peaks  of  palladium  oxide  could  be  detected  in  both 
samples.  It  is  also  noteworthy  that  the  peak  at  about  335.8  eV  in  the 
Pd/Ti02-MWNTs  spectrum  was  attributed  to  PdsTi,  demonstrating 
the  occurrence  of  interaction  between  Pd  and  Ti02. 

Spectra  of  Ti  2p  were  constructed  to  investigate  the  Ti02  surface 
characteristic  in  the  TiC^,  TiC^-MWNTs,  and  Pd/TiC^-MWNTs 
samples  (Fig.  3(b-l)).  It  was  observed  that  the  binding  energy  in 
Ti02  is  lower  than  that  of  the  other  two  samples.  This  was  due  to 
the  introduction  of  the  MWNTs,  which  strongly  interacted  with  the 
Ti02  particles.  The  Ti  2p  spectra  of  the  TiCVMWNTs  and  Pd/Ti02- 
MWNTs  show  a  difference  at  about  465  eV,  and  the  relative  energy 


Table  1 

Distribution  of  Pd  species  and  their  relative  composition. 


Sample 

Pd/MWNTs 

Pd/Ti02-MWNTs 

Assigned  species 

Pd 

PdO 

Pd03 

Pd 

Pd3Ti 

Pd02 

Peak  BE/eV 

335.2 

335.9 

337.6 

335.1 

335.8 

337.9 

RC  % 

33.3 

42.1 

24.6 

34.6 

39.2 

26.2 

position  of  the  Pd/TiCVMWNTs  was  positively  shifted.  This  was 
caused  by  the  injection  of  Pd  nanoparticles.  Deconvolutions  of  the 
Ti  2p  spectra  of  the  Ti02-MWNTs  and  Pd/Ti02-MWNTs  are  shown 
in  Fig.  3(c-2)  and  Fig.  3(c-3).  Table  2  shows  the  deconvolution 
results  of  the  Ti  2p  peaks.  Most  of  the  Ti  appeared  as  TiC^.  The 
expected  TiN  and  Ti203  peaks  at  about  457.6  and  457.8  eV, 
respectively,  confirmed  that  the  additive  used  (0.5  M  FIN03)  had 
successfully  modified  the  Ti02  particles  [28].  The  peak  at  about 
460.2  eV  (Fig.  3(c-3))  belongs  to  TiO,  demonstrating  that  the  added 
NaBFU  reduced  part  of  the  Ti02.  In  addition,  the  peak  at  about 
458.8  eV  for  PdTi03  demonstrates  that  Pd  reacted  with  Ti02  during 
the  synthesis  process. 

3.4.  Electrochemical  analysis 

The  direct  electrocatalytic  behavior  of  Pd/MWNTs  and  Pd/Ti02- 
MWNTs  modified  electrodes  were  investigated  by  cyclic  voltam¬ 
metry.  Fig.  4(a)  shows  CVs  of  MWNTs  and  TiC^-MWNTs  modified 
electrodes  in  0.5  M  FI2SO4  solution  at  a  scan  rate  of  100  mV  s-1. 
Obviously,  the  direct  dispersion  of  Ti02  on  the  MWNTs  could  not 
improve  their  electrocatalytic  activity  (Fig.  4(a)).  Fig.  4(b)  shows  the 
CVs  of  Pd/MWNTs  and  Pd/Ti02-MWNTs  in  0.5  M  H2S04  solution. 
Two  pairs  of  peaks  in  the  potential  range  -0.4-0.1  V  can  be 
distinguished  in  the  CVs  of  the  Pd/MWNTs  and  Pd/Ti02-MWNTs, 
which  were  attributed  to  the  absorption  (oxidation  peak)  and 
desorption  (reduction  peak)  of  hydrogen.  Another  oxidation  peak 

Table  2 

Distribution  of  Ti  species  and  their  relative  composition. 

Sample  Ti02  Pd/Ti02-MWNTs 

Assigned  species  TiN  Ti02  Ti203  PdTi03  Ti02  TiO 

PeakBE/eV  457.6  458.3  458.6  457.8  458.8  459.0  459.2  460.2 

RC  %  10.5  60.4  29.1  18.2  58.5  23.3 


BE  for  binding  energy. 

RC  %  =  relative  composition  %. 


BE  for  binding  energy. 

RC  %  =  relative  composition  %. 
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Fig.  4.  Cyclic  voltammograms  of  (a)  MWNTs  and  Ti02-MWNTs,  and  (b)  Pd/MWNTs  and  Pd/Ti02-MWNTs  in  0.5  M  H2S04  at  a  scan  rate  of  100  mV  s_1,  and  cyclic  voltammograms  over 
50  consecutive  cycles  of  (c)  Pd/MWNTs  and  (d)  Pd/Ti02-MWNTs  in  0.5  M  H2S04  at  a  scan  rate  of  100  mV  s-1  (e)  the  change  of  oxidation  peak  currents  in  the  CVs  of  Pd/MWNTs  and 
Pd/Ti02-MWNTs. 


and  reduction  peak  at  about  0.8  and  0.4  V,  ascribed  to  Pd  oxidation 
and  hydrogen  ion  reduction,  respectively,  can  also  be  observed.  The 
electro-redox  area  is  an  important  factor  to  measure  the  effec¬ 
tiveness  of  electrochemical  reactions  [29].  Based  on  the  CVs  in 
Fig.  4(b),  the  redox  areas  of  both  catalysts  could  be  calculated.  The 
electro— redox  area  of  the  Pd/Ti02-MWNTs  was  found  to  be  5.19 
times  larger  than  that  of  the  Pd/MWNTs,  indicating  that  the  elec- 
trocatalytic  activity  of  the  catalyst  was  promoted  by  applying  TiC^ 
as  a  support  material.  This  result  was  due  to  the  high  dispersion  and 
small  size  of  metallic  Pd  nanoparticles  and  the  function  of  pre¬ 
treated  Ti02  which  promoted  the  rate  of  the  heterogeneous  electro 
transfer.  Fig.  4(c)  and  (d)  show  cyclic  voltammograms  over  50 
consecutive  scanning  laps  for  the  Pd/MWNTs  and  Pd/Ti02-MWNTs 
electrodes,  respectively.  As  can  be  seen  from  Fig.  4(c)  and  (d),  the 
areas  of  the  cyclic  voltammograms  decrease  with  the  increasing 
number  of  cycles.  This  was  caused  by  reduction  of  electrochemical 
activity  sites  on  the  surface  of  the  modified  electrode.  However, 
after  40  cycles,  the  catalytic  activity  of  the  modified  electrode 
reached  a  stable  state.  In  addition,  the  decreasing  electro-redox 


areas  for  the  Pd/Ti02-MWNTs  were  much  smaller  than  those  for 
the  Pd/MWNTs,  indicating  that  the  introduction  of  Ti02  nano¬ 
particles  not  only  promoted  their  electrocatalytic  activity,  but  also 
enhanced  their  stability.  Fig.  4(e)  shows  the  oxidation  peak  currents 
of  Pd/MWNTs  and  Pd/TiCVMWNTs  over  50  consecutive  scanning 
laps.  It  was  found  that  the  oxidation  peak  current  of  the  Pd/MWNTs 
decreased  by  about  66%,  while  there  was  only  about  a  25%  decrease 
for  the  Pd/Ti02-MWNTs.  These  results  confirm  that  the  interaction 
between  TiC^  support  and  catalytic  Pd  nanoparticles  greatly 
enhanced  the  long-term  cycle  durability  of  the  catalysts.  These 
phenomena  are  attributed  to  the  unique  abilities  of  pretreated  Ti02 
nanoparticles,  which  provided  larger  superficial  activity  area  and 
lowered  the  degradation  of  active  surface  area. 

To  evaluate  the  catalyst  for  application  in  direct  formic  acid  fuel 
cells,  the  CVs  of  Pd/Ti02-MWNTs  for  formic  acid  oxidation  were 
measured  and  are  shown  in  Fig.  5(a).  For  comparison,  the  CVs  of  Pd / 
MWNTs  are  also  presented  in  Fig.  5(a).  Two  oxidation  peaks  in  the 
forward  scan  and  one  oxidation  peak  in  the  backward  scan  were 
obtained  for  both  Pd  catalysts  (Fig.  5(a)).  This  phenomenon  is  in 
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Fig.  5.  (a)  Cyclic  voltammograms  of  Pd/MWNTs  and  Pd/Ti02-MWNTs  modified  electrode  in  0.5  M  H2S04  with  1  M  HCOOH  solution  at  a  scan  rate  of  50  mV  s_1,  (b)  Chro- 
noamperometric  curves  for  Pd/MWCNT  and  Pd/Ti02-MWNTs  electrodes  at  0.4  V  for  10,000  s  in  the  presence  of  1  M  HCOOH  and  0.5  M  H2S04. 


good  agreement  with  most  of  the  literature  [21,30].  The  two 
oxidation  peaks  observed  during  the  positive  scan  were 
attributed  to  the  following  process:  HCOOH  -►  reactive 
intermediates  -►  CO2  +  2H+  +  2e~  [29,31].  The  reactive  interme¬ 
diates  play  an  important  role  in  poisoning  species  on  Pd  catalysts 
[32].  The  oxidation  peak  observed  during  the  reverse  scan  was 
attributed  to  the  reduction  of  surface  oxides  on  Pd.  From  Fig.  5(a),  it 
is  clear  that  the  oxidation  peak  current  density  of  Pd/Ti02-MWNTs 
was  more  than  3  times  higher  than  that  of  Pd/MWNTs,  indicating 
that  the  catalytic  activity  of  Pd/Ti02-MWNTs  was  better  than  that  of 
Pd/MWNTs.  This  improved  performance  was  due  to  strong  inte¬ 
gration  of  Pd  and  Ti02  and  to  the  pretreated  Ti02  which  promoted 
the  dispersion  of  Pd.  In  addition,  the  current  density  of  the  Pd/Ti02- 
MWNTs  catalyst  was  higher  than  those  previously  reported  for  Pd 
catalysts  using  other  carbon  supports  as  templates  [33,34].  This 
indicated  that  the  present  Pd/Ti02-MWNTs  catalyst  had  great 
catalytic  activity  for  formic  acid  oxidation. 

Furthermore,  the  stability  of  the  Pd/TiC^-MWNTs  catalyst  was 
further  assessed  by  chronoamperometry  measurements  (J— £  curve) 
at  0.4  V  for  10,000  s,  as  shown  in  Fig.  5(b).  It  was  observed  that  the 
maximum  current  densities  of  Pd/MWNTs  and  Pd/Ti02-MWNTs 
were  about  72.9  and  231.4  mA  cm-2,  respectively.  Afterward,  the 
current  densities  of  Pd/Ti02-MWNTs  and  Pd/MWNTs  decreased 
exponentially  and  then  remained  almost  constant.  Evidently,  the 
Pd/MWNTs  and  Pd/TiC^-MWNTs  catalysts  showed  good  stability 
for  formic  acid  oxidation.  However,  the  high  initial  current  densi¬ 
ties  for  both  Pd  catalysts  were  not  sustained  over  a  long  period.  This 
phenomenon  was  caused  by  the  absorption  of  reactive  intermedi¬ 
ates.  The  results  indicated  that  the  introduction  of  Ti02  into  the  Pd 
catalyst  had  no  effect  on  Pd  deactivation.  The  Pd/Ti02-MWNTs 
electrode  resistance  to  Pd  deactivation  in  the  HCOOH  acid  system 
was  inferior  to  results  which  have  been  reported  in  the  literatures 
[35,36].  Consequently,  future  studies  are  still  needed  to  gain 
a  better  understanding  of  the  Pd  deactivation  mechanism,  and 
subsequently  improve  the  Pd  catalysts  poisoning  resistance. 

4.  Conclusions 

The  intrinsic  semiconductor  properties  of  Ti02  nanoparticles  are 
the  hurdle  to  their  application  in  actual  electrochemical  reactions. 
To  solve  this  problem,  an  additive  (0.5  M  HNO3)  was  chosen  to 
decrease  the  band  gap  and  increase  the  electronic  conductivity  of 
the  Ti02.  From  analysis  of  TEM,  XRD,  and  XPS  results,  it  was  found 
that  the  MWNTs  were  partially  covered  by  the  pretreated  Ti02,  and 
that  the  Pd  nanoparticles  in  the  Pd/Ti02-MWNTs  were  homoge¬ 
neously  dispersed  on  the  TiC^  nanoparticles  with  smaller  sizes 
compared  with  those  found  in  Pd/MWNTs.  The  results  of  electro- 
catalytic  activity  tests  indicated  that  the  application  of  Ti02 


nanoparticles  as  support  material  between  Pd  nanoparticles  and 
MWNTs  template  highly  improved  its  electrocatalytic  activity  and 
long-term  cycle  stability  for  formic  acid  oxidation.  These  results 
were  attributed  to  the  small  size  and  high  dispersibility  of  the 
metallic  Pd  crystals  caused  by  a  strong  interaction  between  Pd  and 
the  pretreated  Ti02,  and  the  multifunction  of  Ti02  which  promoted 
the  rate  of  heterogeneous  electron  transfer.  Accordingly,  more 
studies  are  warranted  to  improve  the  catalytic  activity  of  the  Pd 
catalyst  and  decrease  Pd  deactivation. 
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